In photovoltaic (PV) applications, employing Surface-Mounted Permanent Magnet Synchronous Motor (SMPMSM) can be a suitable option, especially for solar pumping and Heating, Ventilation, and Air Conditioning (HVAC) applications. However, when the motor loads are supplied from varying and limited energy sources, such as solar PV, it is vital to determine operating behavior and provide a stable operation for a wide range of operating conditions. In this study, the operating stability of Permanent Magnet Synchronous Motor (PMSM) was improved by sensorless Field Oriented Control (FOC) based on Extended Kalman Filter (EKF). In order to achieve optimal operation of the PV system under various meteorological conditions and load variations, an incremental conductance approach based maximum power point tracking (MPPT) system was introduced. For estimation of the speed of PMSM in wide speed range, instead of using a hybrid estimation strategy, fixed daxis current with EKF was applied to the low-speed regions of SMPMSM, while in the medium and high speed regions, the daxis current was set to zero. The major contributions of this paper are to reduce complexity of the control method and testing the method in a photovoltaic system with MPPT operation. The complete system was modeled in a Matlab/Simulink environment and simulation results are shown according to a wide range of operating conditions. Index Terms-PMSM; PV system; MPPT; Extended Kalman filter.
I. INTRODUCTION
Over the past decades, Permanent Magnet Synchronous Motor (PMSM) has been the most requested motor used in the field of electrical machines due to its many distinct advantages, such as high efficiency, superior performance, and the ability to operate with a full load at low speeds [1] . To achieve the high performance in PMSM, the precise rotor position information is needed. To get the rotor position, the mechanical sensors located on the rotor shaft are commonly used for this purpose. These sensors have many disadvantages, such as increasing the cost and size of the motor, decreasing the reliability of the system, and the requirement of special arrangement for mounting these sensors. For that reason, controlling the PMSM drives without using position sensors turns into a prevalent research issue in the literature. Many of these studies proposed observations to estimate the rotor position in the medium and high speeds, such as using the back Electro-Motive Force (BEMF) observers, Sliding Mode Observer (SMO) [2] , and the Extended Kalman Filter (EKF) [3] . However, these methods will not be effective in the low speeds because of the lack of electromotive force (EMF) and flux amounts that are needed to estimate the speed. To cover the zero and low speeds, high frequency signal injection is normally used (HFSI). The injection will track the Saliency of the PMSMs by injecting high frequency voltage to the daxis current, which will cause vibration in the motor if the rotor position is not correctly estimated. This method could cause an audible noise in the motor that may make it unsuitable in some applications [4] . Another method to accomplish control in a low speed is by using the low frequency (LF) signal injection [5] . The injected signal will cause oscillations in the stator back electromotive force (BEMF) that can be detected from the voltage response of injecting pulsating harmonic current into a d-axis current. If the injected harmonic current does not yield the precise zero steady-state error, it will cause a problem in detecting the zero speed. In addition, this method requires information about a large number of machine parameters [6] . The injection systems are suitable for low speeds; therefore, they are always combined with other methods to estimate the wide speed range, which will make the system too complex and hard to be implemented in real life [7] . One major objective of this paper is to estimate the wide speed range of PMSM by using one powerful estimating method instead of two. For that, the EKF is chosen for its many advantages, such as reducing input noises, including both system and measurement noises and handling the parameter variation and the ability of motor start up from any initial position [8] , [9] . The second objective of this paper is to use solar photovoltaic (PV) energy to feed the PMSM. In such systems, the efficient operation of PV generator cannot be independently accomplished from the PMSM drive system and the operation of the overall system must be tested to demonstrate the reliability of the operation under a wide range of operating conditions.
As is commonly known, the power extracted from a solar panel is strongly affected by three factors: irradiance levels, ambient temperature, and load characteristics [10] . Generally, PV systems are designed to produce the maximum available power regardless of the irradiation intensity and temperature. Load impedance determines the output power of the solar panels and it can be a DC load with or without batteries. When the solar panel is connected directly with the load, the operating point of the system will be at the intersection point of the I-V curve with the load line, which may not be at the maximum power point, which leads to the loss of power. To overcome these limitations and improve the produced power from the solar panel, a DC-DC converter is included between the solar panel and the load. By controlling the DC-DC converter, the impedance matching between the solar panel and the load can be achieved. The seeking of the maximum power point (MPP) is accomplished by the MPPT system. This system will change the duty cycle and implicitly the input resistance of the DC-DC converter, until the operating point of the system reaches the MPP. Since solar power systems have become widespread, many MPPT algorithms have been developed and published [11] . They vary in many aspects, such as complexity, cost, sensors required, implementation hardware, convergence speed or range of effectiveness [12] . It has been observed in recent years that there is a passion to propose new MPPT techniques based on artificial intelligence [13] , [14] or modified hybrid optimizations [15] , [16] to increase the efficiency of the energy production of photovoltaic system. However, in most cases, there is no need to use a more complicated or a more expensive algorithm, where a simpler and less expensive system can result in similar outputs. For this reason, an incremental conductance algorithm was implemented to achieve the process of the maximum power point tracking. Generally, PMSMs use the DC batteries to induce the magnetic fields in the windings of the stator. These batteries usually have a low life span and need to be replaced every two years on average, which makes the cost of installation and maintenance of such systems high. Another justification of the proposed design in this study is the advantage of replacing these batteries with a PV module system that has a longer life, which will reduce both the cost and the faults that can happen when the battery needs to be replaced [17] . Such systems can be used in residential applications, aircraft systems, hybrid electric vehicle applications, and pumping systems [18] , [19] .
II. EXTENDED KALMAN FILTER (EKF) ESTIMATOR
In this section, the implementation of EKF on the SMPMSM is discussed. EKF is defined as an optimal recursive estimation method used to estimate the nonlinear systems based on the least-square sense [3] . To build the extended Kalman filter model, first the mathematical representation of PMSM in α-β form is described 
where Iα and Iβ are α-β stator currents, vα and vβ are α-β stator voltages, LS is stator inductance, Rs is the stator resistance,  m is the flux linkage of the rotor magnets, p is the number of pole pairs, ω is the electrical speed of the motor, and  is the electrical angle. The state equations of the system are expressed as follows:
, By assuming that the PMSM is a nonlinear system affected with centered and white noise, the discrete time of the system nonlinearity can be expressed as follows:
where ω(k) and v(k) are the zero-mean white Gaussian noises with covariance Q and R that represent the model inaccuracies and measurement noise, respectively.
The EKF estimation algorithm consists of two major steps:
1
. Prediction Step
The estimation form of prediction step is
and the prediction error of the covariance matrix is ( 1) ,
In the prediction step, the differences between measured and predicted output will be established.
Correction
Step In this step, the Kalman gain is used to minimize the errors between the measured and predicted values. To calculate the Kalman filter gain, the expression below is used T1 
In the final step, the estimation of state vector at time k+1 is set as follows:
P, Q and R are set in diagonal matrices to make the calculation easier on the system and these matrices are found by using trial and error methods. The initial values of these matrices are: 
III. INCREMENTAL CONDUCTANCE-METHOD BASED MPPT
The MPP tracking method depends on the fact that the differential of the PV power with respect to PV voltage is zero at the MPP, positive on the left of the MPP, and negative on the right of the MPP as given by [10] , [20] : 
Differentiating the PV power with respect to voltage ( )
and (12) can be rewritten as in [11] :
, , 
By using the measured values of VPV and IPV at different instants and comparing the conductance (I/V) to the incremental conductance (ΔI/ΔV), the MPP can be reached [11] as shown in Fig. 1 . The solar panel is forced to operate at a reference voltage Vref [21] . When VMPP = Vref, that means the operating point is at MPP. When detecting any change in ambient conditions, the algorithm reduces or increases the Vref to track the new MPP. It was reported that IC algorithm has a good performance and it can find and track MPP under rapidly changing atmospheric conditions. In addition, it achieves low oscillations around the MPP and that reduces the power loss [10] .
A DC-DC boost converter is utilized in the simulation. By controlling the duty cycle of the switching elements, the PV terminal voltage is kept at the point that maximum power is obtained and the output voltage of PV panel is matched with the desired load voltage. Input-output DC-DC boost converter equation is
where Vpv is solar panel output voltage, Vo is DC-DC boost converter output voltage, and D is the duty cycle [22] .
IV. SIMULATION RESULTS AND DISCUSSION In low speed control of permanent magnet synchronous motor, instead of utilizing the hybrid system technique to control the PMSM in a wide speed range, a simpler approach is used for the same purpose. The EKF is used to control the PMSM speed in medium and high speeds while the fixed d-axis current is used to control the speed in startup and very low-speeds regions. The total drive system is established and simulated in Matlab/Simulink environment by taking consideration of start-up situation. The model for the motor estimation system is shown in Fig. 2 . The system contains the space vector pulse width modulation (SVPWM), current speed controller, EKF observer, and the MPPT based PV system. The parameters used to simulate the system are shown in Table I . By comparing this study with other studies in the same field, e.g., utilizing the high frequency signal injection and the EKF to control the speed in very low and standstill regions [23] , the proposed method can be deemed better because it eliminates the need of using a second method to control the speed in a very low-speed region. In other studies, it is claimed that adjusting the DC voltage will make the system work on the very low-speed level [24] . The main idea in this paper is instead of adjusting the voltage, the daxis current is adjusted for the very low-speed ranges in the PMSMs supplied by MPPT based solar PV system. As shown in equation (1), motor speed depends on the voltage and current values in the system. The problem is that if the voltage level increases, it will decrease the accuracy of the rotor position estimator in low-speed regions [24] . For example, it can be inferred from Fig. 3(a) and Fig. 3(b) that the motor speed deteriorates when solar system operates at an irradiance of 1200 W/m 2 and outputs 470 V. While in Fig. 4(c) , when the system operates at an irradiance level of 600 W/m 2 , it outputs about 340 V and the speed estimator successfully tracks the speed (Figs. 4(a) and 4(b)) in very low levels. Since, in the PV system, the DC voltage depends on the solar irradiance level, it is hard to control such a system with just adjusting the DC voltage level of the system. To solve this problem, instead of adjusting the DC voltage, Id current is set to a certain value (in this motor Id = 0.5) to control the very low-speed values. The value of daxis current is found by using trial and error method and it should be small to avoid the saturation in the motor. The results of this method are shown in Fig. 5 and Fig. 6 for irradiation levels of 1200 W/m 2 and 600 W/m 2 , respectively. Also, by fixing the d-axis current, the error between real and estimated speed is reduced as shown in Fig. 7 .
The system used in this paper is simulated in both low and high speeds to evaluate the validity of the proposed method to run the motor in the wide-speed range as shown in Figs. 3-7 . The algorithm of EKF is implemented in the model by using the S function. The inputs of the S function are the currents and the voltages in stationary (α-β) reference frame. The outputs are the speed and the rotor position estimated values. Through the collected simulation results from PV system ( Fig. 3(d) , Fig. 4(d) , Fig. 5(d) , and Fig. 6(d) ), we can notice that the MPPT system was able to find and track the maximum power point. It is also obvious that it was able to make the operating point of the system exactly at the MPP. Thus, the withdrawal of the energy from the solar panel was very close to the optimal. In this paper, the extracted power for three MPPT algorithms, which are perturbation & observation (P&O), Fuzzy Logic (FL) based algorithm, and IC algorithm, is presented. The obtained results are given in Table II . Although FL-based method gives slightly higher results, it was not preferred in this study due to its high computational complexity. V. CONCLUSIONS This paper presents a new method that makes the EKF estimates very low speeds of PMSM fed by solar PV system. This method reduces the complexity of controlling the PMSM in a wide speed range, which makes the estimating system work perfectly on both the FPGA and DSP systems. Also, by fixing the d-axis current in the system, it will help to reduce the errors that happened between the estimated and the real speed, especially when the motor uses high input voltages. This method will be suitable for pumping systems and electric vehicles, which will reduce the cost and size of the motor hence, increasing the utilization of PMSM in other applications. In addition, with the view to optimizing the power production from solar panels, Incremental Conductance approach based MPPT was introduced. Simulation results showed that the IC algorithm has a good tracking ability. It was able to obtain maximum power in terms of variable conditions and increased stabilization of load.
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